The paper presents a simple method of avoiding singular configurations of contemporary industrial robot manipulators of such renowned companies as ABB, Fanuc, Mitsubishi, Adept, Kawasaki, COMAU and KUKA. To determine the singular configurations of these manipulators a global form of description of the end-effector kinematics was prepared, relative to the other links. On the basis of this description , the formula for the Jacobian was defined in the end-effector coordinates. Next, a closed form of the determinant of the Jacobian was derived. From the formula, singular configurations, where the determinant's value equals zero, were determined. Additionally, geometric interpretations of these configurations were given and they were illustrated. For the exemplary manipulator, small corrections of joint variables preventing the reduction of the Jacobian order were suggested. An analysis of positional errors, caused by these corrections, was presented.
Introduction
The controllers of such renowned companies as ABB, Fanuc, Mitsubishi, Adept, Kawasaki, COMAU and KUKA make possible movement programming in joint space or the Cartesian space. The following commands PTP, LIN, and CIRC can be applied to programming in the Cartesian space. The mentioned commands require a start point and end point. For programming in the Cartesian space these points must be described in Cartesian coordinates, relative to the base frame, connected to the base of a manipulator. These coordinates can be obtained by a vision system. During the realization of such programmed movement the robot happens to stop before reaching the border area, and before reaching the start or the end point. The entrapment takes place when the manipulator reaches the singular configurations. It is without doubt the major problem of modern industrial robots, which makes it impossible for the robots with a vision system to cooperate with the cameras properly.
The linear system of ordinary differential equations that describes the kinematics can be applied to programming the robots in the Cartesian space. In this system a manipulator Jacobian is present. For the succesive via points interpolating trajectory programmed in the Cartesian space, joint variables of these points can be computed. To these calculations, the standard algorithm for solving the system of linear equations which is one of the elements of a computer software library, can be applied. The lack of protection in software against the reduction of the Jacobian rank in this algorithm can cause the interruption of the calculations and the robot can stop performing its operations. This rank decreases in singular configuration.
The problem of the inverse kinematics solutions in a differential form for the singular configuration is presented in Chiacchio (1996) , Kozłowski (2003) , Nakamura (2009) , Siciliano (2010) , Spong (1997) , Tchoń (1997) . In Chiacchio (1996) , Kozłowski (2003) , Nakamura (2009) , Siciliano (2010) for a singular configuration it is proposed to use: singular value decomposition techniques SVD of the Jacobian, the damped least-squares inverse of the Jacobian DLS or singularity robust inverse of the Jacobian. In the work (Tchoń, 1997) a method of avoiding singularities by using of dynamical systems of the own motion is presented. The same work presents a solution of the inverse kinematics in singular configurations, obtained using: the method a normal form, Jacobian attached, the zero and the Jacobian space. A common feature of kinematic singularity avoidance methods presented in Chiacchio (1996) , Kozłowski (2003) , Nakamura (2009 ), Siciliano (2010 , Tchoń (2000) is their high computational complexity.
A very simple approach to the problem of determining the kinematic singularities based on the differential description is presented in Spong (1997) , on the examples of manipulators with three degrees of freedom. Simple, because based on closed forms of the determinants of manipulators Jacobian, allowing a very simple determination of joint variables, describing singular configurations. Simple rules of linear algebra are recommended in Spong (1997) for solving the inverse kinematics in the field of speed.
Only the methods which do not require a large number of calculations can be of practical use. This paper presents a very simple method of correction, allowing to avoidance of the singular configuration of modern industrial robots. In this method, the values of third and fifth joint variables are corrected. These values were determined from the closed form of the Jacobian determinant of modern industrial robots, (Spong, 1997) . The closed form of formulas describing the third and fifth joint variables for the singular configurations of manipulators was determined. On the basis of these formulas, one is able to determine whether in the next step of the numerical calculations the freezing of the program, caused by a reduction of the Jacobian rank, will take place. These corrections prevent the reduction of the Jacobian rank and allow the use of any method of solving the inverse kinematics, including the methods described in the aforementioned works (Chiacchio, 1996; Nakamura, 2009; Siciliano, 2010; Tchoń, 2000) .
In the second chapter the kinematic structure and a description of the end-effector kinematics in relation to the other links, including the base of the manipulator are presented. The formulas constituting the differential description of the kinematics are presented in the third chapter. A general description of singular configurations including their illustration and the examples of the calculations of joint variables corrections, preventing the reduction of the Jacobian rank, are presented in the fourth chapter. The fifth chapter summarizes the paper.
The global description of the kinematics
Figure1 illustrates the robot manipulators of the majority of modern robots, with numbered links. The link 0 is attached to the ground, other links 1-6 are movable. The link 0 will be called a base link, the last link with number 6 will be called an end-effector. The gripper, or another tool, is attached to this link. Neighboring links are connected by revolute joints. Figure 2 illustrates the manipulator kinematics schema with the co-ordinate systems (frames) associated with links according to a Denavit-Hartenberg notation (Jezierski, 2006; Kozłowski, 2003; Szkodny, 2013a; 2013b) . The x 7 y 7 z 7 frame is associated with the gripper. The position and orientation of the links and tool are described by homogenous transform matrices. Matrix A i describes the position and orientation of the i-th link frame in relation to i-1-st. T 6 is a matrix that describes the position and the orientation of the end-effector frame in relation to the base link. Matrix E describes the gripper frame in relation to the end-effector frame. Matrix X describes the position and the orientation of the gripper frame in relation to the base link.
Denavit-Hartenberg notation. For further description of the kinematics, joint variables i  will be used. , 3, 4, 5, 6 and , 2 2 90      . To simplify, the following denotations will be used: 
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These matrices are necessary to the differential description of the end-effector kinematics, in relation to the base frame. The description is presented in the next chapter.
The differential description of the kinematics
To make the description of the manipulator kinematics independent of the shape of the gripper, the required position and orientation of the gripper frame x 7 y 7 z 7 (described by the matrix req X ) are converted to the end-effector frame x 6 y 6 z 6 . Correlation 6 req req   1 T X E makes the conversion possible. Therefore, in further considerations, we will focus on the end-effector kinematics. The movement of the x 7 y 7 z 7 frame in relation to the x 0 y 0 z 0 frame will be described by using displacement differentials (Craig, 1993; Szkodny, 2012) . These differentials are described in the x 7 y 7 z 7 frame.
Similarly, the movement of the x 6 y 6 z 6 frame in relation to the x 0 y 0 z 0 frame will be described by using the displacement differentials  are differential transformation matrices, respectively, of the end-effector and gripper frame. These matrices have the following forms 6 6 6 6 z 6 y 6 6 6 6 6 6 z 6 x 6 6 6 6 6 6 y 6 x 6
From the above Eq.(3.1) results
From Eqs (3.1) and (2.1b) results Eq.(3.2), which makes it possible to compute the end-effector differentials from gripper differentials. Szkodny, 2012) . Equation (3.3) connecting these matrices is a differential description of the end-effector kinematics. J is present, described in the x 6 y 6 z 6 frame, which has the form of Eq.(3.4). 
(3.5)
This movement will be recalculated in relation to the x 6 y 6 z 6 frame, using Eq.(3.6). 
which is a vector
. This vector can be recalculated in relation to the x 6 y 6 z 6 frame by the following Eqs (3.7)
(3.7)
In Fig.2 one can see that all links are connected by revolute joints. Therefore, the angles d . Therefore
(3.8)
k is the versor of the z i-1 axis, described in the x i-1 y i-1 z i-1 frame. For such joints, no displacement of the coordinate system x'y'z' in relation to the x i-1 y i-1 z i-1 frame takes place, therefore
Thus, from Eqs (3.5) and (3.8) one obtains the following
(3.9)
The vectors  c were marked in a similar way.
From Eqs (3.7) and (3.8) one obtains the following correlations
The differential of each coordinate in the Cartesian matrix J can be presented in the form of Eqs (3.12) and (3.13), taking into account the relations (3.10) and (3.11). , , , Matrices i-1 T 6 , described by Eq.(2.2b) can be presented in the form Eq.(3.14). 
(3.14)
Quantities appearing in formulas (3.12) and (3.13) can be replaced by the corresponding elements of the matrix i-1 T 6 , resulting from the form Eq.(2.2b) and corresponding to the form Eq.(3.14). It is easy to notice that the index i in Eqs (3.12)-(3.14) is the number of column in the matrix 6 6 J . After using Eqs (2.2b), (3.12)-(3.14) and simplifications, one obtains the following elements of the end-effector Jacobian 
The singular configurations
For the singular configurations of manipulators the Using such protection measures one should check the range of the changes in the gripper position caused by above angles corrections. For the sample IRB-1400 manipulator suggested corrections can at most result in changes of the position which is the sum of errors, i.e., .
. If the gripper position errors caused by such corrections were equal to or greater than the required positioning accuracy, inverse kinematics equations in a global form, presented in Szkodny (2010) would need to be used. For these equations, we can apply simple criteria for selecting solutions at the joint variables. Such criteria are much simpler and faster to implement than the criteria proposed in the Jacobian methods (Chiacchio, 1996; Nakamura, 2009; Siciliano, 2010; Tchoń, 2000) .
The differential description of the kinematics, including corrections to prevent the loss of the Jacobian rank, presented in this paper, constitutes the basis for the creation of our own software, free from the basic defect, namely, undesired stopping in singular positions. 
